Proton nuclear magnetic resonance ( 1 H NMR) was used to study the in vivo metabolism of Trypanosoma cruzi, the pathogen causing American trypanosomiasis (Chagas' disease). Three clones were isolated from a strain of T. cruzi (Bolivia strain), The clones I, II and III and the original strain were characterized according to the spectra of their metabolic pathways to test the hypothesis that clonal evolution of T. cruzi has a major impact on biologically relevant properties of this parasite. T. cruzi (Bolivia strain) excreted acetate, alanine, glycerol, and succinate as major end products, in the proportion 6:4:2:2. Comparing the spectra of T. cruzi clones with the original Bolivia strain revealed both quantitative, as well as qualitative differences in the metabolites excreted: the clones I and II, as opposed to the Bolivia strain and clone III, excreted significant quantities of ethanol.
Introduction
Although the high genetic variability of Trypanosoma cruzi has been known for some time, the range of variation in its medical and biological properties requires further work [11, 13] . Extensive genetic studies have shown the clonal structure of natural T. cruzi populations [11, 12] , which might explain their behavioural variability. The distinctive characteristics of clonal lines are potentially important to the understanding of human disease, particularly when groups of clones are genetically heterogeneous, as in the case of T. cruzi [1, 13] .
We consider the study of different characteristics of T. cruzi clonal lines to be of enormous importance due to the great genetic heterogeneity and clinical variability found in Chagas' disease. After obtaining a series of clones and comparing these, in terms of metabolic behaviour, with their original strain of T. cruzi (Bolivia), we have tested the hypothesis that clones behave as independent genetic entities.
Materials and methods strain of T. cruzi
Bolivia strain was isolated from Triatoma 6itticeps captured in Vittichi (Bolivia) in 1971. This strain has been maintained in the laboratory by successive passage in mice and in cultures using Nocloe Novi and MacNeal (NNN) medium supplemented with minimal essential medium (MEM), plus 20% inactivated foetal calf serum (Md-NNN). This hybrid strain belongs to Clone Major 20, according to the classification by Tibayrenc and Ayala [12] .
Cloning of Boli6ia strain
A drop of blood from a mouse's tail was added to 1 ml of sterile saline solution. A microdrop of the homogenized solution was placed on a cover slip, which was then inverted over a concave slide and examined at 40 × under the microscope.
When a single trypanosome was seen, it was washed with saline solution, inoculated into the NNN culture medium, and incubated at 26°C. This way, three clones (clone I, II, and III) belonging to Major Clone 20 of [14] were obtained.
Metabolic study by 1 H nuclear magnetic resonance
The original strain of T. cruzi (Bolivia) and the three clone cultures (10 5 epimastigotes forms per ml) were incubated at 26°C for 4 days with 25 ml Md-NNN medium, adjusted to pH 7.2. After 4 days of culture, more than 90% of the cultured forms were epimastigotes. Aliquots of 5 ml were taken every 24 h. The number of parasites was determined in a Neubauer haemocytometric chamber, after which the cells were removed by centrifugation at 600× g for 10 min. The pH of the parasite-free supernatants was measured before they were frozen at − 80°C for metabolite determinations by 1 H NMR spectroscopy and enzymatic analysis.
Liquid Md-NNN medium, which had not been inoculated, was used as a control.
The 1 H NMR spectra were obtained with a Bruker AM-300 spectrometer operating at 300.13 MHz [6] . The temperature of the probe was maintained at 27°C. The pulse technique and Fourier transformation were used with 90°C pulses and a sweepwidth of 3287.5 Hz. The water signal was eliminated by presaturation irradiating at water frequency for 2.5-s selectively with intervals between pulses of 8 s recycle time and 160 accumula- tions. Chemical shifts are expressed as parts per million (ppm) relative to tetramethyl xylane signal.
The chemical shifts used to identify the respective metabolites were in agreement with those recorded in the literature [6, 10] . The resonances of a given number of metabolites were assigned by the addition of pure components to the fresh medium and the changes in respective peak intensity were measured.
Metabolites were quantified enzymatically as described by Bergmeyer [3] . All the experiments and determinations were repeated three times.
Results and discussion
Natural populations of T. cruzi are subdivided into clones, of which a few have been able to spread unchanged over large geographical areas and long periods of time, these being the 'major clones' [13, 14] . These authors hypothesized that the major clones play an important role in the epidemiology and pathogenicity of Chagas' disease.
Several authors hold that in a strain or major clone, more than one parasite population can be found [1] .
Here we have cloned a strain belonging to Major clone 20 of [12] and, using 1 H NMR, have identified the metabolites excreted by the three clones isolated and have compared these metabolites to those of the original strain of T. cruzi (Bolivia).
The parasites rapidly and continuously consumed glucose from the medium throughout the 4-day experimental period (Fig. 1A) . The pH varied significantly during this time, the production and subsequent excretion of organic acids explaining the fall in pH of the medium from 7.2 to 5.2 (Fig. 1A ).
An example of the types of 1 H NMR spectra obtained with Md-NNN medium is shown in the different frames of Fig. 2 . Fig. 2A illustrates the spectrum obtained with fresh (uninoculated) medium, and Fig. 2B is the spectrum given by cell-free medium 4 days after inoculation with the original T. cruzi strain (Bolivia). Additional peaks, corresponding to the major metabolites produced and excreted during growth, were detected when the last spectra (Fig. 2B) were compared with the spectra obtained with fresh medium (Fig. 2A) .
The metabolites excreted were mainly acetate, alanine, and glycerol. Succinate was also excreted, although it was difficult to see in the spectra, since it has a ppm of 2.42, and this zone coincides with other 1 H NMR peaks, but the excretion of this metabolite was confirmed by enzymatic methods.
The amount of end products were quantified by enzymatic methods (Fig. 1B, C, D) , in the proportion 6:4:2:2.
It is known that T. cruzi sp. has a notable capacity to use carbohydrates or amino acids as carbon and energy sources [2, 5] . It is also known that these species are incapable of completely degrading carbohydrates even in the presence of oxygen, producing a mixture of CO 2 , dicarboxylic acids, and alanine [5, 9, 10] . The relative proportion of these end products varies between different subspecies of T. cruzi [15] .
The production of acetate appears to be common to all the different strains studied: Tulahuen [4, 5] , Y [9] , Maracay [10] , and now Bolivia. L-alanine, one of the main metabolites detected in our experiment and also frequently found in strains Y and Maracay, was not, however, detected in the Tuhauen strain [5] . The third main metabolite produced by our strain was glycerol, which has not been previously detected in any T. cruzi strain. This finding might be explained by the fact that some members of the family Trypanosomatidae [7] lack lactate dehydrogenase, the enzyme responsible for NADH reoxidation during glycolysis. This lack is offset by the glycerophosphate conversion to glycerol by a phosphatase [8] .
Succinate, though not one of the main metabolites excreted by the strain Bolivia is usually excreted in significant quantity. Nevertheless, this metabolite was not detected by us in the strain Maracay [10] . Succinate can apparently be generated from glycolytic phosphoenolpyruvate, which is carboxylated to oxalacetate, and can be reduced to succinate [15] . Pyruvate is another metabolite produced by the strains Tulahuen [4, 5] and Maracay [10] , but was not detected in Bolivia.
Comparing the spectra of T. cruzi clones (Fig. 3A , B, C) with that of the original Bolivia strain, we found not the Bolivia strain. The quantification of the metabolites corresponding to clone II were not shown, as no significant differences were found with those of clone I. In clone III, however, the proportion was different and the spectrum for this clone, as in the case of Bolivia, showed no peak corresponding to ethanol. In clone III, the production of acetate rose significantly, while L-alanine levels fell considerably.
The differences, both qualitative as well as quantitative, found when the three clones obtained were compared with the original strain indicated changes in the metabolic strategies of the protozoans in degrading energy substrates (glucose or amino acids) and showed that certain energy pathways are more developed in some clones than others. only quantitative differences in metabolite production but also qualitative differences. Thus, in the spectra for clones I and II, we found a peak (triplet) with a ppm of 1.20 corresponding to ethanol, at a quantity of 4.51 vmol ml − 1 on day 4 of the culture, but this was not detected either by 1 H NMR or enzymatic methods, at the spectra obtained for the original Bolivia strain and clone III.
Ethanol is one of the main metabolites detected in our previous study with the Maracay strain [10] . We concluded that the production of this fermentation product is probably the result of partial anaerobic metabolism or of the inability of the glycerophosphateoxidase cycle to cope with all the reduced equivalents produced in glycolysis in these clones.
The production level of acetate, alanine, glycerol, and succinate in clones I and II remained the same as in .
